Introduction
Coronary artery disease remains the leading cause of morbidity and mortality worldwide. Major advances in the treatment of acute coronary syndromes and myocardial infarction (MI) have occurred over the past 20 years. In particular, the ability to rapidly restore blood flow to the myocardium during ischaemia, using thrombolytic or percutaneous interventional approaches has resulted in improved outcomes. 1 However, despite timely revascularization and contemporary medical therapies, one-quarter of patients presenting with an anterior ST-elevation MI (STEMI) can experience death or heart failure. 2 Restoration of blood flow to the culprit vessel can paradoxically induce cardiomyocyte death, a phenomenon termed reperfusion injury, which can account for up to 50% of the final infarct size 3 and contribute to poor outcomes. Despite intense investigation, there have been multiple failures of pharmacologic attempts to reduce ischaemia-reperfusion (IR) injury. 4, 5 Currently, there are no effective pharmacologic therapies, and there is an urgent need to further understand this process. 6 Reperfusion is followed by an intense burst of reactive oxygen species (ROS) that results in cellular dysfunction, inflammation, and ultimately cardiomyocyte death by modifying intracellular molecules, including lipids. 7 One target for ROS is the abundant phosphatidylcholine-containing phospholipids molecules that comprise the cellular bilayer within mammalian cells. 8 Oxidation of phosphocholine containing phospholipids results in the formation of OxPL ['OxPL' as used in this manuscript refers exclusively to phosphocholine (PC) containing OxPL]. This results in fragmentation of polyunsaturated fatty acids at the sn-2 position, altering conformation of the PC head group, allowing it to be recognized by innate pattern recognition receptors (PRRs) such as macrophage scavenger receptors CD-36 and SR-B1 and TLRs, soluble proteins such as CRP and natural antibodies (NAbs), such as E06. [9] [10] [11] OxPL potentiate oxidative stress and trigger sterile inflammation and have been broadly implicated in many inflammatory diseases including atherosclerosis, lung injury, and age-related macular degeneration.
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As a specific example of the biological activity of OxPL, a brief exposure of human aortic endothelial cells (HAECs) or murine macrophages to OxPL results in changes in transcription of >1000 genes involved in inflammation, pro-coagulant activity, redox reaction, sterol metabolism, cell cycle, unfolded protein response, and angiogenesis. 16, 17 Furthermore, the murine IgM NAb E06, which recognizes and bind OxPL but not unoxidized PL, 18, 19 neutralize its proinflammatory effects. 20 In culture, E06 prevented the uptake of oxidized LDL (OxLDL)
by macrophages, 20, 21 and attenuated the inflammatory effects of OxPL on endothelial cells and monocytes, 22 while immunization-induced increased titres of E06 were associated with attenuated atherosclerosis in a mouse model of atherosclerosis. 23 Because OxPL are products of lipid peroxidation, it might be predicted that OxPL would adversely contribute to IR injury and cell death. Despite the well-established role of mitochondria in cardiomyocyte cell death, little is known about the role of OxPL and mitochondrial dysfunction in cardiomyocytes. Bcl-2-like 19 kDa-interacting protein 3 (Bnip3) has been shown to play a critical role in regulating mitochondrial function and cell death during hypoxic injury in cardiomyocytes. Activation of Bnip3 leads to mitochondrial perturbations that include loss of mitochondrial membrane potential, increased ROS and permeability transition pore (mPTP) opening, culminating in cell death. Using both in vivo and in vitro models of IR injury, we examine the effects of OxPL on cardiac myocyte viability through a Bnip3-mediated pathway and whether neutralization of OxPL with E06 will suppress cardiac cell death and IR injury.
Materials and methods

Materials
Synthetic standards 1,2-dinonanoyl-sn-glycero-3-phosphocholine (DNPC), 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC), 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC), 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PAzPC), 1-palmitoyl-2-(9-oxo) nonanoyl-sn-glycero-3-phosphocholine (PONPC), and the IgM murine NAb E06, which is LPS free, were obtained from Avanti Polar Lipids (Alabaster, AL, USA). 1-(palmitoyl)-2-(5-keto-6-octene-dioyl)-3-phosphocholine (KOdiAPC) and, 1-palmitoyl-2-(4-keto-dodec-3-ene-dioyl)-sn-glycero-3-phosphocholine (KDdiAPC) were purchased from Cayman Chemicals (Ann Arbor, MI, USA). All solvents were HPLC grade.
Cell culture of rat cardiomyocytes
All animal experiments performed conform to the NIH guidelines regarding animal experimentation and were approved by the Research Ethics Board of the University of Manitoba and/or the Institutional Animal Care and Use Committee (IACUC) at University of California San Diego. Neonatal rat cardiomyocytes (NNCM) were isolated from 1 to 2 day old Sprague-Dawley rat pups as previously described. 24 Whole hearts were excised from rat pups by mid-line sternotomy after cervical dislocation. Hearts were washed and minced to adequately break up macroscopic structures before re-washing with cold filter sterilized phosphate buffered saline (PBS) containing 10 g/L of glucose to remove red blood cells and debris. Repeated enzymatic digestion of heart fragments was performed with collagenase (740U), trypsin (370U), and DNase (2880U) (Worthington Biochemical) agitating at 35 C for three 10-min and three 7-min digestions. Digested supernatant solutions were centrifuged into a cell pellet and then separation of cell types using a Percoll V R (GE Healthcare) gradient of 1.05, 1.06 , and 1.082 g/mL allowed for a layer enriched with myocytes to be isolated. To remove fibroblasts, the cells were pre-plated on non-coated 150 mm culture plates for 45 min. Purified NNCM (95% pure by sarcomere staining) were then transferred to sterile tissue culture plates at a cell density of 1.75 Â 10 6 /35-mm plate. Collagen-coated glass coverslips in 24-well tissue culture plates were used for microscopy analysis, and NNCM were plated at 3.2 Â 10 5 /well. Cells were incubated overnight in Dulbecco's Modified Eagle Medium/Ham's nutrient mixture F-12 (1:1) containing 2 mM glutamine, 3 mM NaHCO 3 , 15 mM HEPES, and 50 mg/mL gentamycin (DMEM/F12) plus 10% foetal bovine serum (FBS). DMEM/F12 with 10% FBS was changed to serum-free DMEM/F12 (DFSF) the following day. Control solution consisted of 140 mM NaCl, 6 mM KCl, 1.25 mM CaCl 2 , 6 mM HEPES, and 10 mM D-glucose buffered to pH 7.4 , ischaemic solution was buffered to pH 6.0 , and consisted of the same components, except 8 mM KCl was added and no D-glucose was added. The ischaemic buffer was purged of oxygen by bubbling 95% N 2 and 5% CO 2 gas into the medium for 1 h before being applied to cells. 25 A hypoxic chamber designed for storage in a 37 C water jacketed tissue culture incubator was used to maintain an atmosphere of 95% N 2 and 5% CO 2 gas conditions for 18 h overnight. Reperfusion was achieved by applying control buffer to cells for 4 h in a normal culture incubator. After the treatment, cells were scraped off into a small portion of PBS. Cardiomyocyte cell lysates were subjected to western Blot analysis.
Bnip3 knock-down
To knock-down Bnip3 expression in cardiac myocytes, we designed short hairpin RNA (shRNA) directed against Bnip3 targeted against exon 3 of Bnip3, with the sequence 5-CAC CGACA CCACA AGATA CCAAC AGCGA ACTGT TGGTA TCTTG TGGTG TC-3. Non-relevant sequences used for control shRNA was 5 0 -CAC CGCTA CACAA ATCAG CGATT TCGAA AAATC GCTGA TTTGT GTAG-3. Adenoviral vectors encoding shRNA-Bnip3 or non-relevant shRNA were constructed with BLOCK-iT U6 RNAi entry vector kit (Invitrogen) as we previously reported. 26 or control shRNA at a multiplicity of infection of 10 for 24 h in DMEMSF. This achieves a knock-down of endogenous Bnip3 > 85% compared to control as we reported. 27 Twenty four hours following infection, cardiac myocytes without or with Bnip3 knock-down were treated with 5 mM PSPC, POVPC as detailed below.
Preparation of mitochondria and cell membrane fractionation
Mitochondria and cell membrane fractionation were carried out as previously described. 25 Briefly, cardiomyocytes were scraped in treatment buffer and centrifuged for 5 min at 500 Â g. The cell pellet was washed in PBS, and centrifugation was repeated. The cell pellet was gently resuspended in icecold buffer A (20 mM Hepes-KOH, pH 7.5, 10 mM KCl, 1.5 MgCl 2 , 1 mM EDTA, 1 mM EGTA, and 250 mM sucrose) and kept on ice for 15 min. The cells were homogenized with the use of a teflon-on-glass homogenizer (Potter-Elvehjem), and incubated on ice for 15 min. Homogenization was repeated. Homogenates were centrifuged for 10 min at 500 Â g at 4 C to remove cell debris. The cell debris pellet was resuspended in buffer B (10 mM Hepes-KOH, pH 7.5, 250 mM sucrose) for later analysis. The supernatant was centrifuged 2Â for 10 min at 600 Â g at 4 C to ensure removal of all cell debris. To obtain the mitochondrial pellet, the supernatant was centrifuged for 15 min at 10 000 Â g, after which the mitochondrial pellet was resuspended in buffer A and the supernatant was kept as the cytosolic fraction for future analysis. The mitochondrial fraction was further purified by gently layering on the top of a sucrose pad solution (292 mM sucrose, 100 mM KCl, 2 mM MgCl 2 , 20 mM Hepes, and pH 7.4) followed by centrifugation for 10 min at 14 000 Â g at 4 C. The supernatant was discarded, and the mitochondrial pellet was resuspended in buffer B. The purity of the mitochondrial fraction was confirmed via western blot using antibody against Cox IV (Rabbit mAb, #4850, Cell Signaling Technology, Danvers, MA, USA). To assess cytosolic contamination in the mitochondrial fraction, western blotting with a-tubulin (Mouse mAb, #7291, Abcam, Cambridge, MA, USA) was used as a marker of cytosol. No evidence of tubulin was observed indicating no detectable cytosolic contamination was present in the mitochondrial fraction. There is a small Cox IV band in the cytoplasmic fraction indicating a small amount of mitochondrial contamination in the cytosolic fraction. Therefore, the relative amount of OxPL recovered in the mitochondrial fraction is an underestimate (Supplementary material online, Figure) .
Opening of the mitochondrial PTP after exposure to OxPL molecules was monitored by fluorescence microscopy using a solution of calcein-AM fluorescent dye with cobalt chloride (CoCl 2 ) applied to ventricular cardiomyocytes cultured on glass coverslips as previously described. 27 Unlike calcein-AM which can infiltrate the mitochondria, CoCl 2 is unable to pass through the inner and outer membranes of the mitochondria. CoCl 2 quenches the fluorescence of calcein, so the cytoplasmic fluorescence will be inhibited while still staining the mitochondria. After staining, NCMC were immediately washed with PBS -2 and treated with fresh serum-free DMEM/F12 cell culture medium. Reduced fluorescence compared to control cells will denote mitochondrial permeability.
Rat and mouse models
Generation and characterization of E06-scFv transgenic mice
The generation of transgenic C57BL/6 mice expressing the T15/E06 idiotype as a single-chain variable antibody fragment-termed E06-scFv-Tg mice-is reported in detail elsewhere in Que et al. 28 In brief, the cDNAs encoding E06 variable regions of the heavy and light chains were linked with a 15-amino acid peptide by overlapping PCR and cloned into an expression vector pSecTag2A (Invitrogen) containing a murine Ig kappachain leader sequence for secretion and c-myc and polyHis as epitope tags. HEK293 cells were transfected, and the binding properties of E06-scFv secreted into culture supernatant were shown to mimic those of the intact E06. The same construct was then cloned into the liverspecific expression vector pLiv7 and used to generate transgenic (Tg) mice in the C57BL/6 background expressing the E06-scFv transgene driven by the apoE promoter, as previously reported. 29 Offspring were screened both for plasma E06-scFv titre and integration of the transgene by PCR amplification of the tail DNA. The transgenic E06-scFv founder lines were bred with each other to generate 'homozygous' transgenic mice, and in turn, these were crossed into Ldlr À/À mice on the C57BL/6
background. All animals were genotyped for E06-scFv and Ldlr À/À , respectively and plasma assayed to confirm expression of the E06-scFv by immunoassay. The E06-scFv mRNA was strongly expressed in liver, peritoneal macrophages, and spleen, and to a lesser extent in heart. Plasma levels of the E06-scFv averaged 20-30 mg/mL in these studies.
Ischaemia-reperfusion surgery in rats and mice
Male Sprague-Dawley rats (200 g) underwent coronary artery ligation as previously described. 30 The procedure was performed under anaesthesia with 3% isoflurane and oxygen at 2 L/min on a mask. Myocardial ischaemia was produced by occlusion of the left anterior descending (LAD) coronary artery. A 1-1.5 cm lateral thoracotomy incision is made to the left of and parallel to the sternum. The left coronary artery was tied with a 6-0 monofilament suture. In control animals, the suture was placed around the artery but not tied. After 60 min of ischaemia, the suture removed, and the heart allowed to reperfuse. The chest was closed in layers and de-aired, and the animals were allowed to recover. Postoperative analgesia was provided by subcutaneous buprenorphine at 0.03-0.05 mg/kg at 1 h post-surgery and every 8 h after for a total of 3 injections. After 24 h, the animals were sedated with 3% isoflurane and 2D echocardiographic studies were repeated, and subsequently the hearts were removed and 1 mm cross sections made for lipidomic analysis, and triphenyltetrazoliumchloride (TTC) staining as previously described. 31 For rat studies, only hearts that demonstrated both ECG and 2D echocardiagraphic evidence of myocardial ischaemia were selected for the IR group. To minimize ex vivo lipid peroxidation, immediately after removal from the body, myocardial tissue was immediately flash frozen in liquid nitrogen. The entire heart tissue was pulverized with liquid nitrogen, and the resulting tissue underwent Folch extraction in the presence of DNPC (10 ng/100 mL) as internal standard and 0.01% BHT as antioxidant. 32 Adult (18-20-week-old) Ldlr À/À -E06-scFv-Tg mice (n = 14) or Ldlr À/À mice (n = 15) weighing 16-40 g, were anaesthetized with a mixture of ketamine (50 mg/kg) and xylazine (5 mg/kg) and 1.0% isoflurane. Mice were intubated with a pressure ventilator (Kent Scientific, PhysioSuite). Peak inspiration pressure was $13 cm H 2 O and inspiration rate 100-110. The skin over the mid thorax was shaved and cleansed with betadine or chlorhexidine solution. A skin incision was made from the mid-sternal line toward the left armpit, and the chest opened with a 1 cm lateral cut along the left side of the sternum, cutting between the 3rd and 4th ribs to expose the left ventricle (LV) of the heart. The ascending aorta and main pulmonary artery were identified; the LAD coronary artery was located as it traverses the anterior wall of the heart, between the left and right ventricles. LAD coronary artery occlusion was performed by tying a 8-0 prolene suture ligature on a piece of 2-0 silk suture. Occlusion of the artery was assessed by blanching of the territory of perfusion of the LAD coronary artery, along with acute ST segment
Oxidized phospholipids and ischaemia-reperfusion injury elevation on limb-lead electrocardiographic leads. Following an ischaemic period of 60 min, the suture was removed from around the LAD coronary artery. Reperfusion was confirmed by observing return of blood flow in the epicardial coronary arteries.
Histologic assessment of infarct size
One week following surgery, mice were euthanized with CO 2 gas followed by thoracotomy to harvest the heart after intraperitoneal administration of 50 units of heparin. Hearts were immediately harvested, submerged in ice-cold relaxation solution A (120 mmol/L NaCl, 20 mmol/L NaHCO 3 , 11 mmol/L glucose, 5.4 mmol/L KCl, 1.2 mmol/L MgCl 2 , 10 mmol/L 2,3-butanedione 2-monoxime). The ascending aorta was cannulated and the hearts were perfused retrograde via a 21-gauge blunted needle connected to a Langendorff perfusion apparatus at 80 mmHg pressure. The suture left around the LAD coronary artery in situ after the IR surgery was religated and 1% (w/v) Evans blue (EB) dye in solution A was then injected to define area at risk (AAR). Failure in reocclusion of the coronary artery resulted in exclusion of animals from the final analysis. The heart was then sectioned into 1 mm slices using a heart slicer (Zivic Instruments) and incubated in 1.5% (w/v) TTC in PBS.
With TTC, viable myocardium stains brick red and the infarct appears pale white. The sizes of AAR and infarct area (IA) were quantified by computerized planimetry using ImageJ. The identity of animals remained anonymous to the examiner who carried out staining procedures and area measurements.
OxPL mass spectrometry
PC-containing PL were extracted from NNCM by modification of a previously described protocol. [33] [34] [35] Cell media was removed, and cells were washed with PBS. Each well was scraped into 1 mL of methanol/acetic acid (3% v/v) solution containing 0.01% BHT and transferred to a 10 mL glass conical tube and capped under N 2 (g). Ten nanograms of DNPC was added as internal standard into each sample for quantitation purposes. Two millilitres of hexane containing BHT was added to the tube, capped under N 2 (g), vortexed for 5 s, and then centrifuged for 5 min at 3500 rpm at 4 C. The upper hexane layer was then siphoned off using a glass Pasteur pipette and discarded. The hexane/BHT wash was repeated three times, capping under N 2 (g), vortexing for 5 s, and centrifuging after each wash. After the final hexane/BHT wash, 2 mL of chloroform containing BHT and 750 lL of PBS were added to the tube then vortexed and centrifuged as described above. The lower organic layer was removed using a glass Pasteur pipette and transferred to a clean 15 mL glass conical tube where the solution was aspirated off using a nitrogen evaporator, and then reconstituted into 300 lL of chloroform/methanol (2: 1 v/v) for storage at -80 C.
The separation of OxPLs was carried out using reverse-phase (RP) chromatography as reported previously. 36 Extracted hearts were reconstituted in RP eluent consisting of 60:40 acetonitrile:water, 10 mM ammonium formate and 0.1% formic acid immediately prior to injection. 11.00 min 66% B; 14.00 min 70% B; 18.00 min 75% B; 21.00 min 97% B; 25.00 min 97% B; and 25.10 min 32% B. A flow rate of 260 mL/min was used for analysis, and the sample tray and column oven were held at 4 C and 45 C, respectively.
Detection of OxPL was carried out by mass spectrometry in positive polarity mode. MRM scans were performed on 6 transitions using a product ion of 184.3 m/z, corresponding to the cleaved phosphocholine moiety. Six commercially available standards of PONPC, POVPC, PGPC, PAzPC, KOdiAPC, and KDdiAPC were injected and accurate peak assignments were based upon retention times and mass transitions. The mass spectrometry settings were as follows: curtain gas, 26 psi; collision gas, medium; ion spray voltage, 5500 V; temperature, 500.0 C; ion source gas 1, 40.0 psi; ion source gas 2, 30.0 psi; declustering potential, 125 V, entrance potential, 10 V; collision energy, 53 V; collision cell exit potential, 9 V; and dwell time, 50 ms. External mass calibration was performed at regular intervals. For quantitation, multiple reaction monitoring (MRM) calibration curves were made for each of the six commercially available OxPL standards and peaks were normalized based on their relative responses. Ten nanograms of internal standard was added to all samples during extraction. A 4000 QTRAP V R triple quadrupole mass spectrometer system with a Turbo V electrospray ion source from AB Sciex (Framingham, MA, USA) was coupled to the liquid chromatography system.
In vitro OxPL treatment and assessment of cell viability
Fresh DFSF was applied to NNCM on glass coverslips and supplemented with 1, 2, 5, and 10 lM concentrations of OxPL lipids sonicated into PBS, forming micelles. Four OxPL species, POVPC, PONPC, PGPC, and PAzPC were applied to NNCM plates for 4 h and compared to a nonoxidized PC standard PSPC. Plates were then washed with PBS before NNCM were analysed for cell viability using vital dyes, calceinacetoxymethyl ester (AM) and ethidium homodimer-1 (Invitrogen) as previously described. 37 The levels of total OxPL seen in rat myocardium following IR are 90-150 ng/mg protein, which represents a 3 mM concentration of OxPL. The range of OxPL used in these experiments-1-10 lM-are comparable to those measured in rat myocardium following IR.
To evaluate the effect of neutralizing OxPL on cell viability, the IgM E06 antibody was used at a concentration of 10 mg/mL in cell culture. The antibody was purchased as 100 mg suspended in 100 mL of PBS suitable for direct application into cell culture. Co-treatment with OxPL was at 5 mM of each OxPL molecule and PSPC for 2 h. Cell viability was assessed as described above. All microscopy was done on an Olympus AX70 microscope, with pictures taken using a CoolSnap V R camera and Image Pro-Plus 5.1.2 Software. Images were assessed using Adobe Photoshop CS5.1 Software.
Statistical analysis
Multiple comparisons between groups were tested by one-way ANOVA. Bonferroni post hoc tests were used to determine difference among groups. Unpaired two-tailed Student's t-test was used to compare mean difference from control. Differences were considered to be statistically significant to a level of P-value <0.
Results
OxPL are generated in rat cardiomyocytes following IR NNCM exposed to control and IR conditions were analysed by LC/MS/ MS with MRM for the six fragmented OxPL species for which standards are available. Five OxPL molecules POVPC (m/z 594), PGPC (m/z 610), PONPC (m/z 650), PAzPC (m/z 666), and KOdiAPC (m/z 664) were identified in cell extracts of both control and simulated IR conditions ( Figure 1A-E) . Significant increases in the mass of four of the identified OxPL were observed in NNCM exposed to simulated IR ( Figure 1F ), including PONPC (32.7 ± 3.2 to 53.0 ± 9.1 ng/mg protein, P < 0.001), POVPC (15.6 ± 1.5 to 23.1 ± 1.7 ng/mg protein, P < 0.05) PGPC (2.5 ± 1.2 to 6.1 ± 2.1 ng/mg protein, P < 0.05), and PAzPC (5.0 ± 1.5 to 9.9 ± 3.8 ng/mg protein P < 0.01). Levels of KOdiAPC were not different.
We next investigated the changes in OxPL that occurred in vivo in rat myocardium during coronary IR. After 1 h of ischaemia and a subsequent 24 h of reperfusion (Figure 2A) , there were significant increase in all five of the measured OxPL species, with PONPC again being the most abundant OxPL species, as observed in cardiomyocytes subjected to IR in vitro ( Figure 2B ). There was a relatively three-fold enrichment of POVPC and PONPC, and $1.5-to 2-fold enrichment of the other measured OxPL species in rat myocardium exposed to IR conditions compared to control.
OxPL causes rat cardiomyocyte cell death in vitro
It is known that adding sufficient amounts of certain OxPLs can result in cell death. 38 , 39 However, we sought to define whether the specific OxPL species we identified in the extracts of myocardium subjected to IR would also be toxic at the identified concentrations measured, $1-10 lM. Therefore, we incubated varying concentrations (1.0 to 10 lM) of the identified OxPLs with NNCM in culture and evaluated their effect on cell viability, as compared to a non-oxidized PL ( Figure 3A) . With increasing doses of OxPL, there was a progressive decrease in the number of calcein-AM stained live cells (green), and correspondingly, an increase in ethidium homodimer-1 staining dead cells (red). Each of the OxPL species resulted in significant cell death in a concentration-dependant pattern ( Figure 3B) . PONPC, which was the most prominent OxPL identified in both the cardiomyocytes and in vivo myocardium exposed to IR, and which is also quantitatively the most dominant OxPL found in coronary and carotid atheroma, 32 was also the most potent inducer of cardiomyocyte cell death when compared to PSPC control, resulting in percent cell death of 28.3 ± 8.9%, 42.0 ± 6.2%, 70.0 ± 18.6%, and 81.2.6 ± 15.1% for 1, 2, 5, and 10 mM respectively (P < 0.001). POVPC was also a potent inducer of cell death with 68.6 ± 14.8% at 10 mm ( Figure 3B) . The non-oxidized control PSPC treated NNCM showed non-significant increases in cell death at 1, 2, 5, and 10 mM, 7.6 ± 5.1%, 9.1 ± 10.5%, 10.5 ± 1.6% and 5.5 ± 1.6% respectively (vs. 7 .0 ± 1.1% control).
OxPL enrichment in mitochondria during IR
In cultured cardiomyocytes under IR conditions, the mitochondrial component was fractionated from other cell organelles and the levels of fragmented OxPL both in the mitochondrial fraction and also in the remainder of the cell organelles was measured. Figure 4A shows that after cardiomyocytes undergo IR, there is an increase in mitochondrial OxPL with significant increases in PONPC and POVPC when compared to control. When the mitochondrial fraction in IR was compared with nonmitochondrial cell membranes there was an enrichment of POVPC and PONPC, whereas the other cell membranes showed a trend towards a higher concentration of the other fragmented OxPCs ( Figure 4B) . We also investigated the mitochondrial involvement of the two most potent inducers of cell death, POVPC and PONPC. There were significant changes to the mitochondrial permeability within cardiomyocytes when exposed to POVPC and PONPC at 2, 5, and 10 mM. Representative images as shown in Figure 5A . Increased mitochondrial permeability is demonstrated by a decrease in fluorescence and is represented as a fold reduction compared to non-oxidized PSPC ( Figure 5B) . A statistically significant fold reduction was observed at 2 mM for PONPC (0.83 ± 0.08, P < 0.05) and at 5 mM (POVPC 0.71 ± 0.08, PONPC 0.62 ±0.03, P < 0.05) and 10 mM (POVPC 0.33 ± 0.02, PONPC 0.18 ± 0.05 fold, P < 0.01). 
Neutralization of OxPL by E06 attenuates cell death in vitro
To investigate whether inactivation of OxPL will prevent cell death, cardiomyocytes were exposed to 5 lM of PONPC and POVPC in the absence or presence of E06, at 10 mg/mL. In the presence of E06, OxPL mediated cardiomyocyte cell death was mitigated to near PSPC control treatment levels ( Figure 6A) . E06 inhibited POVPC induced cell death by 74.6% (22.6 ± 4.14% vs. 8 .0 ± 1.6%, P < 0.05) and PONPC induced cell death by 74.7% (25.3 ± 3.4% vs. 6.4 ± 1.0%, P < 0.05) ( Figure 6B) . The amount of cell death observed with PSPC treatment was unaffected by E06 co-treatment (6.2 ± 1.6% without vs. 6 .3 ± 1.1% with E06).
Given that Bnip3 is central to mitochondrial mediated reperfusion injury 40 we investigated the change in Bnip3 expression in cardiomyocytes exposed to POVPC and PONPC. As shown in Figure 7A , a significant increase in Bnip3 expression was induced when cells were exposed to POVPC (2.7-fold ± 0.3, P < 0.05) and PONPC (3.2-fold ± 0.2, P < 0.05) when compared to PSPC. Pretreatment of the cardiomyocytes with E06 resulted in a significantly blunted response in Bnip3 expression when compared POVPC (1.3-fold ± 0.2, P < 0.05) and PONPC (1.4-fold ± 0.1, P < 0.05). To further investigate the role of Bnip 3 in OxPL mediated cell death, we tested the effects of Bnip3 knock-down in cells treated with POVPC ( Figure 7B ). As shown in Figure 7C , in contrast to wild-type cells, Bnip3 KD cells were resistant to the cytotoxic effects of POVPC displaying less cell death (Bnip KD 14.7% ± 5.4% vs. WT 35.8% ± 9.1%, P < 0.05).
Neutralization of OxPL reduces IR infarct size in vivo
To evaluate the role of OxPL in vivo in mediating cell death under IR conditions, we evaluated whether in vivo neutralization of OxPL would attenuate IR infarct size. To accomplish this, we utilized transgenic mice that constitutively express a single-chain variable fragment of the E06 antibody (E06-scFv-Tg). The E06-scFv is under control of the apoE promoter and is expressed from hepatocytes and macrophages and is 28 The E06-scFv-Tg mice were bred into the Ldlr À/À background. Ldlr À/À (n = 15) and E06-scFv-Tg/ Ldlr À/À (n = 14) mice were subjected to 60 min of LAD ischaemia by suture ligation, followed then by reperfusion. Seven days after IR, myocardial infarct size was evaluated histologically ( Figure 8A ). There was no significant difference in the AAR between the two groups, demonstrating that surgical ischaemic injury was equivalent between groups ( Figure 8B ). Figure 8C ) and a 58.8% smaller IA/LV ratio (16.3 ± 7.5% vs. 27.7 ± 10.7%, P = 0.025) ( Figure 8D ).
Discussion
In this report, we show that myocardial IR resulted in a significantly increased production of OxPL in primary cardiomyocyte cell culture in vitro as well as in myocardial tissue in vivo. In cell culture, exposure to exogenously added specific species of various OxPL, resulted in cardiomyocyte cell death in the absence of IR, particularly by PONPC and POVPC. PONPC and POVPC resulted in increased Bnip3 expression and mitochondrial permeability in cultured cardiomyocytes. E06, a wellcharacterized IgM NAb specifically recognizes the PC headgroup of OxPL, including those of fragmented OxPL such as PONPC and Figure 6 Attenuation of OxPL mediated cell death by E06.
Representative images of NNCM treated with POVPC and PONPC, and in presence of E06. NNCM stained using the vital dyes, calcein-AM (green-live) and ethidium homodimer-1 (red-dead), co-treated with 5 lM of POVPC and PONPC and 10 lg/mL of OxLDL-specific E06 antibody for 2 h at 37 C (A). There was significant inhibition of OxPL-induced cell death at 5 lM concentration (B). (n = 4 separate cultures, each done in triplicate) (*P < 0.05 when compare to POVPC and PONPC without E06) ANOVA. 
POVPC, but does not recognize unoxidized PC containing PL. 18 E06
abolished OxPL mediated cell death in vitro and attenuated IR infarct size in vivo.
Myocardial IR results in generation of ROS via non-enzymatic mitochondrial dysfunction as well as enzymatic production by xanthine oxidase (from nearby endothelial cells) and NADPH (from infiltrating neutrophils and monocytes), 41 which in turn mediate lipid peroxidation.
PC-containing PL, the most abundant class of cellular membrane PL, are prone to oxidative damage from ROS as well as during apoptosis, 22 resulting in formation of OxPL. In addition to direct lethal effects on cardiomyocytes demonstrated in this study, OxPL represents a subset of oxidation-specific epitopes (OSE) that are recognized by the innate immune system as danger associated molecular patterns (DAMPs) and promote sterile inflammation. 11 Prior work has established the profound proinflammatory effect of OxPL on monocytes, macrophages, and endothelial cells resulting in release of chemokines (MCP-1, fibronectin, and CXCL8) and cytokines (IL-1b, IL-6, and IL-8), and that specific OxPL species (POVPC and PGPC) had direct pro-apoptotic effects on cells, [42] [43] [44] [45] [46] [47] [48] all of which can contribute to IR injury. Fragmented OxPL species have been shown to increase mitochondrial permeability in other cells lines.
In macrophages, PAzPC promotes permeabilization of mitochondrial membranes by Bax. 49 In vascular smooth muscle cells, Chen et al. 38 demonstrated that fragmented OxPL primarily targeted the mitochondria resulting in increased PTP opening and cell death. Concordantly the findings of the present study verify that that POVPC and PONPC are not only enriched in cardiac mitochondria during IR but mechanistically trigger mitochondrial damage resulting in PTP opening through a Bnip3 mediated pathway. Moreover, our findings further show that E06 prevented OxPL mediated cell death in vitro and attenuated IR infarct size in vivo suggest that targeting OxPL in general, and specifically with this NAb, may be an effective pharmacologic therapy to reduce IR injury. E06 is an IgM NAb originally cloned from the spleens of Apoe À/À mice, [19] [20] [21] and has the identical T15 idiotype as found in an IgA that was first identified for its ability to specifically recognize the PC moiety (not as a PL) of the cell wall polysaccharide of Streptococcus pneumoniae, and provides optimal protection against lethal infection with S. pneumoniae, 50 a feature which likely strengthened positive selection for both antibodies. E06 neutralized the proinflammatory effects of OxPL, prevented cellular binding of OxLDL by CD36, 51 inhibited OxLDL uptake by macrophages, 21 and prevented OxPL containing apoptotic cells from activating endothelial cells to bind monocytes. 22 Moreover, augmented levels of T15/E06 achieved by direct infusion 52 or immunization with Streptococcal extract 23 reduced atherosclerosis in mouse models.
Translational relevance
Epidemiologic studies have also suggested that IgM autoantibodies recognizing PC containing OSE (such as E06) are cardioprotective, with titres inversely associated with incident CVD, 53 angiographic CAD, 54 stroke, 55 and carotid intimal thickness. 56 IgM autoantibodies to OSE decline with age 57 and loss of these protective antibodies may reflect a cause of increased risk of cardiovascular disease with advanced age. An advantage of the E06-scFv present in the transgenic mice used in our in vivo experiment is that it can bind and neutralize OxPL, but lacks an Fc domain and therefore cannot bind and presumably activate complement. Considering the totality of the available pre-clinical and clinical evidence, the E06-scFv may represent an ideal candidate for further evaluation as a therapeutic for reducing IR injury.
In our current study, constitutive expression of the E06-scFv resulted in durable protection against IR injury, with reduced infarct size 1 week after IR, suggesting potential for clinical translation. In the clinical setting, the E06-scFv will need to be administered to the patient in an acute health care setting for an MI, and specifically, intravenously post Oxidized phospholipids and ischaemia-reperfusion injury thrombolytic therapy or by intracoronary route during PCI. Clinical endpoints would include measures of myocardial damage acutely and LV function subacutely, as well as traditional MACE endpoints in the longer term.
Limitations
We utilized a targeted approach to identify OxPL species generated following IR using mass spectrophotometry. While this approach offers precision in identifying specific OxPL using known standards, we cannot rule out additional contributions from OxPL species other than POVPC, PGPC, PAzPC, PONPC, KOdiAPC, and KDdiAPC towards IR injury. However, because the E06 binds to the PC headgroup of OxPLs, it binds a wide variety of different OxPL, 18 including non-fragmented OxPL such as PEIPC (1-palmitoyl-2-(5, 6)-epoxyisoprostane E2-sn-glycero-3-phosphocholine), which has many proinflammatory properties. 58 It
would not bind to non-PC based oxidized PL. However, the fact that E06 attenuates IR injury in vivo suggests that PC based OxPL recognized by E06 are clinically relevant oxidized PL. Second, the approach used a transgenic mouse model with constitutive high expression of E06-scFv, which allowed establishment of the proof of principle. Future studies will require a more translational approach with purification of adequate amounts of E06-scFV and a control scFv antibody to assess the efficacy of acute administration of the antibody during an IR protocol.
Conclusion
In summary, these studies identify an important role for OxPL as mediators of cell death during myocardial IR and that E06-scFv can attenuate IR infarct size. The E06-scFv antibody represents a novel potential therapeutic avenue to prevent the detrimental effects of IR injury and improve cardiac outcomes during acute MI.
